In the past decade, intracellular antibodies have proven to be a useful tool in obtaining the phenotypic knock-out of selected gene function in diVerent animal and plant systems. This strategy is based on the ectopic expression of recombinant forms of antibodies targeted towards diVerent intracellular compartments, exploiting speciWc targeting signals to confer the new intracellular location. The functional basis of this technology is closely linked to the ability of intracellular antibodies to interact with their target antigens in vivo. This interaction allows either a direct neutralising eVect or the dislodgement of the target protein from its normal intracellular location and, by this mechanism, the inactivation of its function. By using this approach, the function of several antigens has been inhibited in the cytoplasm, the nucleus, and the secretory compartments. In this article, we shall describe all the steps required for expressing single-chain Fv fragments in diVerent subcellular compartments of mammalian cells and their subsequent use in knockout experiments, starting from a cloned single-chain Fv fragment. This will include the analysis of the solubility properties of the new scFv fragment in transfected mammalian cells, the intracellular distribution of the antigen-antibody complex, and the resulting phenotype.  2004 Elsevier Inc. All rights reserved.
Introduction
Intracellular antibodies are a relatively new technology based on the concept that antibody chains or domains, if equipped with suitable localisation signals, can be targeted towards new ectopic intracellular sites to interfere with endogenous antigens [1] [2] [3] [4] . This can be obtained by exploiting the property of dominant and autonomous targeting sequences that can be grafted onto other reporter proteins such as antibodies to confer them a new intracellular localisation. Recombinant antibody domains, in particular single-chain Fv (scFv) 1 fragments, have been successfully expressed inside cells to inhibit the function of several antigens in the cytoplasm [5, 6] , the nucleus [7, 8] , and the secretory pathway of mammalian cells [9] . This type of strategy has a great potential for a variety of applications, including gene therapy [10] , plant biotechnology [11] and, more recently, functional genomics [4, 12, 26] .
Crucial to the eYcacy of this approach is the capacity of the intracellular antibody to interact with the endogenous antigen within any compartment of a mammalian cell. This interaction may result in a direct inhibition of the target antigen [6, 13, 14] , may restore a mutant deWcient activity [15] or may interfere with the protein folding of pathological mutant proteins [16] . In a diVerent mode of action, an intracellular antibody can also act by diverting the intracellular traYc of the antigen. This is the case, for example, of membrane receptors, whose appearance at the surface can be inhibited by the interaction with intracellular antibodies retained in the endoplasmic reticulum by retention signals (intracellular anchors) [17, 18] .
As it was clear from the very beginning of work on this technology, the folding properties of the antibodies and antibody domains vary according to individual scFv fragments and to the intracellular compartment where they are located. A systematic comparison of scFvs targeted to the same compartment showed that antibody fragments expressed from identical expression vectors have very distinct properties of solubility and stability [19, 20] . Although some scFvs are soluble in the cell cytoplasm, overexpression of these molecules may lead to the formation of intracellular aggregates. For this reason, there is great interest in engineering frameworks suitable for intracellular expression and onto which other speciWcities could be grafted. DiVerent approaches have been developed to solve this problem, including modiWcation of the sequence of VH and VL domains utilising random mutations to stabilise scFvs with intrinsic stability [21] or, alternatively, genetic selection approaches to derive functional scFvs, which can tolerate the reducing cellular environments of the cell cytoplasm [22] [23] [24] .
Notwithstanding the phenomenon of aggregation, cytosolic scFv fragments maintain the capacity to bind the antigen and, by sequestering it in intracellular aggregates, to divert it from its intracellular location and block its function. A number of examples indicate that the antibody-mediated co-aggregation of the antigen represents a mode of action for intracellular antibodies targeted to the cytoplasm and to the nucleus [25] [26] [27] [28] .
The purpose of this paper was to discuss certain aspects of the intracellular antibody technology that are worth considering in order to start a project with this powerful approach. In addition, we shall describe methods for the analysis of: (i) the expressed scFv fragments, (ii) in vivo interaction with the endogenous antigen, and (iii) the assessment of the resulting biological activity. Since, during the past decade, we have focussed our studies on the expression of scFv fragments in the cytoplasm and in the nucleus of mammalian cells, we shall provide examples and protocols for the analysis of antibody domains in these compartments. Reagents and methodological considerations related to each issue are described below in the context of our work on p21Ras and heterochromatin proteins 1 (HP1).
Description of methods

Intracellular targeting of scFvs
Starting from a cloned scFv fragment, a set of general vectors have been described for the expression of these fragments in diVerent cellular compartments of mammalian cells [29] . All the plasmids contain an N-or C-terminal localisation signal that allows the correct retargeting of the scFv fragment. Table 1 shows the amino-acid sequences of some of the sorting peptides that have been successfully used so far for targeting antibodies or antibody domains (in particular scFv fragments) to diVerent intracellular compartments.
To target scFvs towards the secretory pathway of non-lymphoid mammalian cells, immunoglobulin leader sequences have so far proven to be very eYcient. To retain soluble antibodies in the endoplasmic reticulum (ER), the ER-retaining sequence SEKDEL can be added at the C-terminus of the antibody [19] . Antibodies retained in the ER can therefore be used as intracellular anchors to prevent the appearance of a protein on the plasma membrane, or to inhibit the secretion of a protein. Whether this will occur will depend on whether the antigen is processed in the ER in a form recognised by the antibody, and this should be veriWed for each case.
ScFv fragments have been targeted to the plasma membrane, by incorporating the transmembrane and cytoplasmic domains of the T cell receptor chain [30] and the PDGF-receptor transmembrane domain [31] .
The complete removal of the leader (leaderless), leaving the N-terminal methionine, leads to the localisation of the corresponding protein to the cytoplasm and most likely represents the best choice due to a greater stability of the corresponding protein [5] [6] [7] [8] .
EYcient nuclear targeting of scFv fragments has been obtained by adding the nuclear localisation sequence (NLS) (PKKKRKV) of the large T antigen of SV40 either at the N-or C-terminal of the molecule. In general, C-terminal addition of three NLS tags may be preferable to achieve a more eYcient targeting and to avoid the potential risk of the NLS hindering the N-terminal antigen-binding site [19, 29] . The mitochondrial targeting signals are N-terminal extensions (presequences) present in most of the nuclearencoded mitochondrial proteins. Similarly to the secretory leader sequence, and unlike the NLS, these sequences are removed once the protein is translocated through the mitochondrial membrane. A chimeric protein has been made with the N-terminal presequence of the subunit VIII of human cytochrome oxidase (COX8.21), covering the cleavage junction, fused to the ScFv fragment. The resulting molecule correctly localises to mitochondria [19] .
Besides the speciWc targeting signals, scFv expression vectors contain cassettes that encode for strong promoters. A variety of constitutive promoter elements are available from commercial suppliers, such as EF-BOS (elongation factor-1 ) or CMV (cytomegalovirus). We have found that CMV immediate early enhancer/promoter elements function particularly well in a wide range of human and murine tumor or normal cell lines. In addition, plasmids contain sequences that encode for the resistance to selection antibiotics such as G418 or hygromycin under the control of an independent promoter. All the expression cassettes encode also for a C-terminal tag in-frame with the scFv, allowing its detection. We have used two alternative tags: the myc tag, which can be revealed with mab IgG 9E10 [32] , and the green Xuorescent protein (GFP). This reporter protein is widely used in studies of gene expression and protein localisation [33, 34] , especially for live detection purposes, due to its autoXuorescence and stable nature. GFP-fused scFv constructs have proven to keep their functional activity both in vitro [35] and in vivo [36] .
Methods for the expression and analysis of scFvs
ScFv fragments can be expressed in mammalian cells by using transient or stable transfection procedures. Depending on the cell line, it is possible to use diVerent protocols, based on DEAE-dextran for transient transfection of COS-7 cells or on lipids for transient and stable transfection of most adherent cells. The optimal transfection technique is quite cell type speciWc and needs to be determined empirically for each system. Typically, cell number and DNA-to-lipid ratios are the two parameters to change in order to achieve better transfection eYciency. We have also used electroporation with good success, especially for the transfection of nonadherent cells. Transfection eYciency is monitored using reporter constructs that encode for GFP, which can be easily detected by Xuorescence microscopy or Xow cytometry. By using Superfect (Qiagen) and Lipofectamine 2000 reagents (LF2000, Invitrogen), we have successfully transfected many cell types, including mouse Wbroblasts NIH-3T3, rat pheochromocytoma PC12, human embryonic kidney HEK 293, human adenocarcinoma HeLa, human tumor pancreatic PaCa-2, human melanoma SK-MEL-28, human neuroblastoma SHSY-5Y, colon adenocarcinoma HT29, normal human Wbroblasts MRC5, and human endothelial HUVEC.
Transient transfection of scFv-encoding vectors optimised for intracellular expression leads to a high level of expression that allows the easy detection and analysis of the antibody. Studies on targeting of scFv fragments to diVerent intracellular compartments showed that the expression levels of the retargeted antibody domains vary. In general, scFv fragments expressed in the ER are more stable than scFvs expressed in the cytoplasm. This Wnding most likely reXects that the reducing environment of this compartment with respect to the secretory pathway prevents the intradomain disulWde bridges of the scFvs from forming [19, 20] . As a consequence of the lower stability, some scFvs tend to aggregate in granular structures. The number, size, and shape of the aggregating species vary for each scFv, regardless of the presence of the intracellular antigen. As it will be shown below also aggregating scFvs can be exploited for phenotypic knock-out experiments.
We routinely characterise the intracellular folding properties of a new scFv fragment with ad hoc assay. First, we analyse the intracellular distribution of each new myc-tagged scFv fragment in transfected cells by immunoXuorescence.
ImmunoXuorescence analysis 1. Depending on transfection protocol and cell type,
plate an appropriate number of cells on glass coverslips coated with poly-L-lysine (0.1 mg/ml) and transfect them. 2. Rinse the cells three times with phosphate-buVered saline (PBS), Wx them with 4% (w/v) paraformaldehyde in PBS for 10 min at rt, and permeabilise with Tris-Cl 0.1 M, pH 7.6/0.2% Triton X-100 for 5 min at rt. 3. Incubate the cells for 1 h at rt with an appropriate dilution of aYnity puriWed mouse anti-myc 9E10. Rinse three times and incubate for 30 min with Xuorescein-isothiocyanate-conjugated (FITC) goat antimouse IgG (Sigma) diluted in PBS-BSA 0.2 mg/ml. 4. Mount coverslips onto slides with mounting medium (Vectashield, Vector) or PBS/glycerol (3/7 v/v) and examine samples by Xuorescence microscopy. We next compare and quantify the expression levels and the solubility of the newly derived scFvs by analysing the soluble and insoluble proteins extracted from transfected cells. Following is described a simple procedure to separate the two fractions and protocols to analyse the scFv molecules in each pool. 
Preparation of the soluble and insoluble proteins
In vivo detection of the antigen-antibody complex
An absolute requirement for intracellular antibodies is their ability to interact with the endogenous antigen in vivo. Depending on the property of solubility of the scFv fragment, this interaction can lead to the formation of an aggregated or a soluble antigen-antibody complex. A model for the formation of these complexes and their subsequent intracellular fate is outlined in Fig. 1 . This model is based on the concept that, as suggested for many proteins, the aggregation prone state may represent an intermediate state of the folding process in equilibrium with scFv native structures. Both forms may give rise to a speciWc antigen-antibody complex. Our recent results suggest that the intermediate folding state is suYciently native-like to preserve good antigen-binding aYnity and speciWcity [25, 26, 28] . Under normal conditions, partially folded, misfolded, as well as native scFv Fig. 1 . Proposed mechanism for the formation of the intracellular antigen-antibody complex. Folding intermediates of scFv fragments give rise to aggregated antigen-antibody complexes, which are ubiquitinated, resist proteolysis, and accumulate in vimentin-coated aggresomes containing proteasomal subunits and additional proteins like chaperonins Hsp 40 and Hsp 70. Native scFvs form soluble antigen-antibody complexes that are degraded by the ubiquitin-proteasome system. fragments are ubiquitinated and transported to the proteasome system for proteolytic digestion [37, 38] . However, although the soluble scFvs can be successfully degraded by the ubiquitin-proteasome system, the aggregating species polymerise into insoluble intracellular structures that resist proteolysis. In this case, scFvs may accumulate in the cytoplasm leading to the formation of pericentriolar, membrane-free, cytoplasmic inclusions named aggresomes, enriched for proteasome subunits, ubiquitin, and molecular chaperones [38, 39] . Consistent with this model, targeted inhibition of proteasome increases the formation of large perinuclear scFv-aggresomes and induces the accumulation of multiubiquitinated scFv fragments [36] .
The in vivo intracellular interaction between the scFv and the endogenous antigen can be studied by analysing their intracellular distribution by double immunoXuorescence in transfected cells. This allows the in situ monitoring of the eYcacy of the interaction before the particular Wnal application envisaged. In the case of aggregating scFv fragments, the detection of the antigen-antibody complex in aggregates may provide information on the mode of action of that particular intracellular antibody and on the capacity of the scFv fragment to sequester the antigen in intracellular aggregates.
The above-described protocol for immunoXuorescence can be followed until step 3 to reveal the transfected scFv. Then, the antigen can be detected with speciWc primary and secondary antibodies and analysed by confocal microscope.
Samples can be either examined with a Leica TCS 4D confocal microscopy system equipped with 40£ 1.00-0.5 and 100£ 1.3-0.6 oil immersion objectives or with a DMRA Leica Xuorescence microscope equipped with a DC250 CCD camera. In the Wrst system, images are recorded with simultaneous excitation and detection of both dyes to ensure the alignment to correct for possible crosstalk resulting from dye overlap. Recorded images may be corrected, if necessary, with the MultiColor analysis Package Software by Leica and compared with images recorded with single-dye excitation. The superimposition of the two chromophores in the same image results in a green/red colour scale, leading to yellow colour in the case of co-localisation.
In the second system, a series of optical sections for each Xuorophore is acquired and deconvolved using a Leica QXuoro software. Then, the two chromophores are superimposed in the same image, recorded, and analysed. Deconvolution is a computationally intensive way to process images utilised for removing or reversing blurring present in microscope images due to the limited aperture of the objectives. This technique subtracts blurred light by using complex algorithms, yielding images of comparable resolution to that of confocal microscopy. In this latter case, out-of-focus blur is prevented placing a pinhole aperture between the objective and the detector, through which only in-focus light rays can pass. Thus, while confocal microscopy is specially suited for examining thick specimens such as Xenopus oocytes, embryos or tissues, deconvolution microscopy has proven to be a powerful tool for imaging specimens requiring extremely low light levels, such as living cells bearing GFP protein or Wxed culture cells. Fig. 2 shows two examples of a typical co-localisation experiment viewed with a DMRA Leica Xuorescence microscope. We have analysed whether an anti-Ras scFv fragment interacts with p21Ras in the cytoplasm (Fig. 2AЈ) and an anti-chromodomain scFv interacts with the heterochromatin protein 1 in the nucleus (Fig. 2BЈ) . Both experiments show the presence of intracellular aggregates. In the Wrst case, cells are viewed with an anti-p21Ras antibody to visualise the endogenous p21Ras (green signal, panels A and D) and with the antimyc antibody to detect the scFv (red signal, panels B and E). The combination of the two Xuorescence patterns is shown in panels C and F, leading to yellow colour in case of co-localisation. As it can be seen, the anti-Ras scFv fragment tends to form aggresome-like structures. A strong co-localisation with its speciWc antigen, p21Ras, is evident in the merged image (yellow colour in panel C). On the contrary, the control anti-NGF scFv fragment is completely aggregated (panel E) but these structures do not contain p21Ras and do not turn yellow (panel F).
In the second case (Fig. 2BЈ) , cells are viewed with an anti-HP1 antibody (green signal, panel A) to visualise the antigen and with the anti-myc antibody (red signal, panel B) to visualise the intracellular anti-chromodomain (CD) scFv. The combination of the two Xuorescence patterns is shown in panel C and the same nucleus is stained also with the blue-Xuorescent Hoechst 33258 dye (panel D). As shown, the expression of the anti-CD scFv in transfected cells results in the formation of distinct nuclear aggregates (panel B), which co-localise with HP1 aggregates (panel C) and do not coincide with Hoechst-positive heterochromatin blocks (panel D). We conclude that these novel nuclear aggregates consist of HP1 bound to the intracellular scFv.
When expressing soluble scFv fragments in the cytoplasm, the formation of the antigen-antibody complex may be diYcult to visualise by immunoXuorescence, because the staining is likely to be diVuse. In this case, the direct binding between the scFv and the antigen can be demonstrated by immunoprecipitation of the scFv fragment followed by Western blot analysis with speciWc antibodies directed against the endogenous antigen, namely co-immunoprecipitation. The presence of both molecules in the same blot demonstrates their interaction.
It is worth noting that the co-immunoprecipitation is useless when the scFv fragment is highly aggregating since no soluble molecules are available to interact with the primary antibody.
Functional studies
Cell proliferation assay
In many cases of interest intracellular antibodies are used to interfere with molecules crucially involved in cell proliferation, like p21Ras. Ras is a small GTP-binding protein that plays a critical role in the regulation of cell proliferation, oncogenic transformation, and diVerentiation [40] . In particular, p21Ras is required for G1-S transition and this activity can be measured by evaluating the entry of cells in the S-phase of the cell cycle. One method of measurement is bromodeoxyuridine (BrdU) incorporation in transfected cells. This procedure consists in pulsing growing cells with 10 M BrdU for 24 h and detecting BrdU-positive cells by immunoXuorescence analysis using an anti-BrdU monoclonal antibody (Boehringer-Mannheim) containing nucleases for DNA denaturation. BrdU-positive cells are counted from mock and scFv transfected cells [25] . At least 100-150 positively transfected cells should be counted for each experiment. The usage of scFv-GFP-fused chimeras allows a prompt visualisation of transfected cells avoiding the immunoXuorescence steps required for scFv detection [36] . Transfection with a parental vector containing no cDNA insert as well as with a non-relevant scFv fragment provides important information about the toxicity associated with a particular transfection technique in the speciWc cell line under investigation and/or possible nonspeciWc interference with the BrdU assay.
Cell death assay
Many proteins may be absolutely required for cell survival, or may induce or prevent apoptosis. Ablation of these proteins by intracellular antibodies may lead to a lethal phenotype, which can be studied by a number of diVerent assays. In particular, we have set up the following protocol to quantify the eVect of anti-Ras [41] and anti-chromodomain scFvs [28] on cell death. We have exploited two well-characterised markers of apoptosis. First, Annexin V, which detects the translocation of phosphatidylserine at the level of the plasma membrane. Second, we used the blue Xuorescent dye Hoechst 33342, which stains the condensed chromatin of apoptotic cells more brightly than the chromatin of non-apoptotic cells 
Proteasome activity assay
This assay can be used to evaluate the inhibitory eVect of scFv fragments directed against proteins belonging to the proteasome degradation machinery. Moreover, it can also be applied for evaluating the impact of scFv expression on proteasome function in the case of aggregating antibody domains that have proven to be cytotoxic or apoptotic. It is worth noting that the overexpression of aggregating misfolded proteins is often associated to up-regulation of aggresome formation, altered proteasome distribution, and proteasome dysfunction [39] .
We developed a new experimental protocol based on the degradation of an ectopically expressed protein speciWcally degraded by the ubiquitin-proteasome system (UPS). For this purpose we have used the sec-D11 scFv fragment, a soluble protein expressed in the secretory compartment [42] . This molecule is ubiquitinated and degraded by the UPS, and its degradation is speciWcally inhibited by the proteasome inhibitor lactacystin [43] . Therefore, it represents a suitable reporter for proteasome activity, which we call single-chain proteasome substrate (scPs). Accumulation of this reporter protein is a measurement of proteasome dysfunction. The method described below has been optimised for 3T3 K-Ras Wbroblasts. To quantify the proteasome inhibition, the same test can be done in the presence of serial dilutions of the proteasome inhibitor lactacystin to perform a doseresponse curve. This compound aVects metabolic turnover of proteins that are speciWcally degraded by UPS and, consequently, it induces an accumulation of the scPs reporter band. A direct densitometric comparison of the intensity of the scPs band due to lactacystin treatment can be related to the inhibition induced by any scFv-GFP. 4. Harvest the cells, determine protein concentration, and perform steps 4-7 of the previous protocol. In the experiment shown in Fig. 3 , the expression of anti-Ras 1 resulted in the inhibition of proteasome activity comparable to that obtained with 5 M lactacystin (see scPs bands in lanes 4 of Figs. 3A and B) and between 1 and 3 M for anti-Ras 5 (see lane 3 in Fig. 3A  and lanes 2 and 3 in Fig. 3B ). On the other hand, transfection of cells with the cytosolic anti-Gal-scFv-GFP does not inXuence the intracellular level of the scPs (Fig. 3A, lane 2) . Equal amounts of proteins were loaded in the gel as revealed by anti-HP1 immunoblotting.
Concluding remarks
Recombinant antibodies, in particular scFv fragments, have been utilised as ectopically expressed genes to confer a phenotype of interest in diVerent biological systems, from plants to mammals.
Since the Wrst reports describing the successful inhibition of a gene product by the intracellular antibody approach 10 years ago, this technology has seen sophisticated improvements and applications. Many open questions concerning the mode of action of intracellular antibodies have been solved, including information on their in vivo folding, the formation of the antigen-antibody complex, and the fate of the complex in any compartment of a mammalian cell.
Development of intrinsically Xuorescent reporter systems, which allow rapid localisation and dynamic studies of the target antigens in living cells, and improvements on the in vivo genetic-based selection of scFv fragments suitable for intracellular expression in mammalian cells will better enhance the potential of this approach.
